Abstract: Low cost compounds, i.e., Cu 2 O and urea, were used as TiO 2 modifiers to introduce visible light activity. Simple and cheap methods were applied to synthesize an efficient and stable nanocomposite photocatalytic material. First, the core-shell structure TiO 2 -polytriazine derivatives were prepared. Thereafter, Cu 2 O was added as the second semiconductor to form a dual heterojunction system. Enhanced visible light activity was found for the above-mentioned nanocomposite, confirming a synergistic effect of Cu 2 O and urea (via polytriazine derivatives on titania surface). Two possible mechanisms of visible light activity of the considered material were proposed regarding the type II heterojunction and Z-scheme through the essential improvement of the charge separation effect.
Introduction
Titanium dioxide (TiO 2 , titania) is widely recognized as an efficient, stable, and green photocatalytic material (long term stability, chemical inertness and corrosion resistance). Therefore, its application potential in photocatalysis is still growing and presently focuses on emergency areas, such as environmental remediation (water treatment and air purification), renewable energy processes (i.e., photocurrent generation, water splitting for hydrogen production, conversion of CO 2 to hydrocarbons) and self-cleaning surfaces [1] [2] [3] [4] [5] . However, the application of titania is still limited to regions with a high intensity of solar radiation due to its wide bandgap (ca. 3.0 to 3.2 eV). The following strategies of titania doping, modification, semiconductor coupling, and dye sensitization can be applied to incorporate visible light absorption to TiO 2 [6] [7] [8] . The nature of electron transfer between TiO 2 and other materials has been intensively studied and recognized as the origin of the high performances of TiO 2 -based composites [9] . The photocatalytic activity of TiO 2 systems depend on the following properties, such as particle size, surface area, crystal phase, morphology, uncoordinated surface sites, defects in the lattice, and degree of crystallinity. Design of TiO 2 composite structures based on the heterojunction between titania and other semiconducting materials can improve many of these properties. Moreover, this strategy can create and tune other properties, such as mid-band-gap electronic states, which can be responsible for the intensification of charge separation or incorporation of a red shift to the absorption spectrum [7, 9] .
Copper oxides (Cu 2 O, CuO) have been intensively studied as titania modifiers due to their intrinsic p-type configuration. Cu 2 O and CuO are inexpensive semiconductors with band gap energies of 2.1-2.2 eV and 1.2-1.7 eV, respectively. This fact makes both materials promising for research directed to solar energy utilization [10] [11] [12] . If the electronic properties of both oxides are at lower temperature as proposed by Mitoraj and Kisch [29] . To the best of our knowledge, this report is the first study for this type of photocatalytic material.
Results and Discussion

Preparation Conditions and Visible Light Photocatalytic Efficiency
Commercially available P25 titania was used as a base to prepare the final photocatalytic material (Cu 2 O/PTr-TiO 2 ). The first step of preparation was to obtain PTr-TiO 2 with urea as a modifier (preparation details in Materials and Methods). "PTr" symbolizes the polytriazine shell. Different ratios between urea and P25 were investigated: 0.5:1, 1:1, 2:1 and 3:1 to find the material with the best photocatalytic efficiency under visible light irradiation. Samples with different shades of yellow color were obtained (more intensive yellow represents a higher amount of urea). 2-propanol oxidation to acetone was selected as the reaction system to test visible light photocatalytic activity (λ > 455 nm). The sample prepared at 1:1 urea-P25 ratio possessed the highest photocatalytic activity (measured as the produced acetone amount) and was chosen for further research and marked as PTr-TiO 2 (see Figure 1 ). It was found that higher amounts of urea were not advantageous for the photocatalytic activity of the final product probably due to the detrimental influence of some not converted products of urea thermal transformation (excess of urea) on the semiconducting character of the polytriazine shell structure, as previously reported [29] . The second step in the photocatalyst preparation was the physical mixing of PTr-TiO 2 with Cu 2 O by using different contents of Cu 2 O. Figure 2 shows the evidence of the advantageous role of the addition of cuprous oxide to the PTr-TiO 2 sample. The optimum Cu 2 O content was found to be in the range of ca. 5 wt %, whereas 10 wt % and larger amounts were detrimental for photocatalytic efficiency. Detrimental influence of modifiers at their larger contents on photocatalytic activity is not surprising, and has already been reported for various systems. There are two main reasons for this behavior, i.e., (i) a shielding effect as Cu 2 O blocks PTr-TiO 2 for photon absorption; and (ii) competitive adsorption as the oxygen and/or organic compounds (here 2-propanol) could not adsorbed directly on the titania surface, occupied by its modifier. Based on the obtained results, 5 wt % was chosen the Cu 2 O content in the Cu 2 O/PTr-TiO 2 sample. 
Characterization of Samples
P25 is a well-known mixed-phase titania photocatalyst containing two crystalline phases: anatase (86.4%) and rutile (13.6%), and amorphous titania (exact composition using NiO as the internal standard was estimated previously showing the anatase/rutile/amorphous ratio to be 76-80/13-15/6-11 (P25 is not a uniform sample) [39] ) with a 21 nm crystallite size of anatase (determined from XRD) and 59.1 m 2 /g specific surface area. After the thermal treatment with urea, the properties of the PTr-TiO 2 sample (1:1 urea-P25 ratio) changed slightly to a 23 nm crystallite size of anatase and 62.3 m 2 g −1 specific surface area, but the crystalline phase content remained unchanged. It is proposed that an increase in crystallite size should result from amorphous titania conversion to anatase during calcination, whereas an increase in specific surface area comes from the adsorbed organic layer of poly(amino-tri-s-triazine) derivatives. Cu 2 O, which was used as a component of the Cu 2 O-PTr-TiO 2 mixture, was characterized by a 65 nm crystallite size and 23 m 2 g −1 specific surface area. Therefore, the results stated that the PTr-TiO 2 crystallites were almost three times smaller than the Cu 2 O ones. These values were confirmed by XRD analysis of the Cu 2 O/PTr-TiO 2 sample. Figure 3 shows the XRD diffractogram of Cu 2 O/PTr-TiO 2 with peaks corresponding to anatase, rutile, and Cu 2 O. An aromatic system of carbon nitrides should appear at around 27.4 • , but a strong peak of rutile overlaps it. It was reported that in the case of a small fraction of polycondensed polytriazines, this peak would not be detected [29] . The diffuse reflectance spectra of the PTr-TiO 2 and Cu 2 O/PTr-TiO 2 samples (Figure 4) show the strong red shift originated from the absorption properties of the polytriazine layer on P25. The visible light absorption effect was stronger than that for similar samples reported by Mitoraj and Kisch [28, 30] . However, a different type of titania was used as the base for synthesis in that study. Therefore, it was proposed that the content of the surface hydroxyl groups on the surfaces of the various TiO 2 samples were responsible for better/worse ability of polytriazine layer formation (the issue of finishing the process of formation polytriazine layer by the reaction of amino groups of the relevant intermediates with titania surface OH groups [30] ). To check this hypothesis, reference experiments were performed for own-prepared decahedral anatase particles (DAP) [40] modified with urea using the same conditions as for P25. Interestingly, it was observed that the DAP sample after this modification practically did not change, i.e., the color was still white and the visible light activity was not observed. Accordingly, it is proposed that the highly crystalline titania samples with low surface area (DAP as an example) possess too low number of surface OH groups to successfully introduce the polytriazine layer on their surfaces. It is also possible that surface defects, e.g., oxygen vacancy, play a crucial role in polytriazine layer formation since the DAP (well-crystallized faceted titania) possess an extremely low content of such defects (clarification of this phenomenon for other titania samples is under study). Mitoraj and Kisch proposed that the visible light absorption of urea-modified samples with a yellow color originated from the presence of poly(tri-s-triazine) centered intra-bandgap levels which may form (depending on PTr concentration) a narrow energy band in titania [29] . Additionally, in the case of the Cu 2 O/PTr-TiO 2 photocatalyst, more intensive light absorption in the range 450-600 nm, as the consequence of the inherent light absorption properties of Cu 2 O, was observed ( Figure 3 ). The Cu 2 O/PTr-TiO 2 sample had a reddish-yellow color. XPS analysis of PTr-TiO 2 and Cu 2 O/PTr-TiO 2 samples showed the presence of nitrogen 1s with binding energies of 399.1 and 400.5 eV, which indicates the presence of C=N-C and (-C=N-) x bonds, respectively, being in agreement with previously reported values [29, 41, 42] . XPS results showing the fractions of oxidation states of titanium, oxygen and copper are shown in Table 1 . For samples modified with urea (PTr-TiO 2 and Cu 2 O/PTr-TiO 2 ), the content of oxygen related to hydroxyl groups bound to titanium and carbon was lower than for bare TiO 2 due to the fact that surface hydroxyl groups participate in poly-s-triazine layer formation. In contrast, the content of Ti 3+ increased after modification, which could confirm the participation of surface defects in the formation of PTr-TiO 2 (as discussed above for modified faceted titania (DAP)). It is proposed that thermal treatment could increase the formation of Ti 3+ . Therefore, it is also possible that a decrease in the content of hydroxyl groups after titania modification could result from their replacement by poly-s-triazine, similar to titania surface modification with nanoparticles of noble metals [43] . Moreover, samples with the poly-s-triazine layer also had a higher carbon content (higher C/Ti ratio). These results confirmed the presence of an organic layer on the titania surface consisting of poly-s-triazine derivatives, as reported previously [29] . To confirm the presence of the organic layer and possible formation of the Cu 2 O/PTr-TiO 2 heterojunction, scanning transmission electron microscopy (STEM) observation was carried out. It was found that Cu 2 O existed in both crystalline and amorphous forms (large aggregates of very fine NPs). Moreover, two kinds of crystalline structures were noticed, i.e., large crystals of 100-150 nm and fine faceted nanocrystals of 10-30 nm (cubic and decahedral). For the Cu 2 O/PTr-TiO 2 sample, titania particles were covered with a 5-10-nm layer of polytriazine located nearby larger Cu 2 O crystallites, as clearly shown in Figure 5 (respective SEM and TEM modes of the same image). Moreover, fine amorphous Cu 2 O interconnecting PTr-TiO 2 particles was also observed. Interestingly, it was found that long-term electron beam during STEM observations could destroy the polytriazine layer around the titania since new nanostructures were formed (gravitationally-formed honey-like tails). A lack of visible light activity for a single Cu 2 O, in spite of its good visible light absorption properties, can be explained by a strong photocorrosion effect and fast charge recombination [44, 45] . It was reported that the coupling of cuprous oxide with titania reduced these detrimental effects by the heterojunction mechanism (type II) between the p-and n-type semiconductors introducing visible light activity and enhancing stability [15] [16] [17] [18] [19] 46] .
Enhanced Visible Light Photocatalytic Activity as a Synergistic Effect of Two Modifiers
The PTr-TiO 2 photocatalyst possesses significantly higher visible light activity for 2-propanol oxidation than Cu 2 O/TiO 2 . The core-shell structure of titania-poly(tri-s-triazine) derivatives changes photoabsorption and electronic properties in comparison to the unmodified titania. Figure 7 shows a way to determine band gap energy and absorption onset for the PTr-TiO 2 sample. The band gap narrowing occurred from 3.17 eV for bare TiO 2 (P25) to 2.88 eV for PTr-TiO 2 . The absorption onset is useful to determine the location of surface states in PTr-TiO 2 originating from the presence of an organic modifier (shaded area in the Figures 8 and 9 ) [6] . Figures 8 and 9 illustrate the propositions of explanation for enhanced visible light photocatalytic activity of Cu 2 O/PTr-TiO 2 , a photocatalytic system with two main composites. In the first mechanistic variant (Figure 7 ), two semiconductors: p-type Cu 2 O and n-type titania (P25) with an organic sensitizer created a type II heterojunction. This system provided the optimum band positions for efficient charge carrier separation. Visible light photoexcited electrons were transferred from CB(Cu 2 O) to CB(PTr-TiO 2 ) and this transfer could occur due to the favorable energetics of the relative positions of both CBs, whereas holes were simultaneously transferred from VB(PTr-TiO 2 ) to VB(Cu 2 O). The main consequence of such phenomenon is the separation of the photogenerated electrons and holes reducing the probability of recombination and increasing the lifetimes of the charge carriers [46] . Cu 2 O has a valence band potential of 1.07 V [47] . To form hydroxyl radicals, the valence band potential of Cu 2 O should be more positive than the following values at pH = 7 [7] :
Therefore, the formation of hydroxyl radicals may be thermodynamically unfavorable. It can be concluded that holes accumulated would be mostly consumed through the direct oxidation of 2-propanol. Electrons accumulated on CB(PTr-TiO 2 ) play a key role in the formation of reactive oxygen species. The properties of the PTr-TiO 2 component of the considered semiconductor composition by introduction of visible light activity into titania enabled the formation of this advantageous heterojunction functioning under visible light irradiation. Another mechanistic variant describing enhanced visible light activated Cu 2 O/PTr-TiO 2 system relies on the Z-scheme concept [48, 49] . As shown in Figure 9 , photogenerated electrons in PTr-TiO 2 with a lower reduction ability recombined with the photogenerated holes in Cu 2 O with lower oxidation ability. Therefore, electrons accumulated on CB(Cu 2 O) with a high reduction ability of holes accumulated on VB(PTr-TiO 2 ) with a high oxidation ability can be maintained. The occurrence of the second mechanistic variant might be even more possible due to the existence of optimal Cu 2 O content ( Figure 2 ) and the low photocatalytic activity of the Cu 2 O/TiO 2 system.
In the case of both mechanisms, the efficient charge separation induced by visible light irradiation was the main reason of the exceptional photocatalytic activity of the proposed system and provides the explanation of the synergistic role of the two considered types of titania modifiers. Clarification of which mechanistic variant is responsible for enhanced photocatalytic properties of the Cu 2 O/PTr-TiO 2 system in the visible light is necessary. Further studies including action spectrum analysis, photoactivity tests in the presence of scavengers, and detailed characterization of these materials (and other photocatalysts prepared with different titania photocatalysts, i.e., varied by surface properties and/or content of oxygen defects), such as the estimation of the quasi-Fermi level, are along this line.
Materials and Methods
Preparation of Cu 2 O/PTr-TiO 2
P25 (AEROXIDE ® TiO 2 P25, Nippon Aerosil, Tokyo, Japan), urea (Wako Pure Chemicals, Osaka, Japan) and Cu 2 O (Wako Pure Chemicals) were used for the study without purification. PTr-TiO 2 samples were prepared by the method based on the processes reported elsewhere [26, 29] . Typically, 400 g of P25 powder and different amounts of urea corresponding to 0.5:1, 1:1, 2:1 and 3:1 (w/w) ratios were ground in an agate mortar, followed by calcination in air at 400 • C for 30 min. Powders were placed in the open test-tube with 15 cm of length. The resulting powders were washed five times with water to remove the excess of urea decomposition products and finally dried under air at 70 • C. In the second step, PTr-TiO 2 sample and Cu 2 O powder (in different amounts: 1, 2, 5, 7, 10 wt %) were mixed thoroughly with 5 min of grinding.
Sample Characterization
The UV-Vis diffuse reflectance spectra (DRS) were recorded on JASCO V-670 (JASCO, Tokyo, Japan) equipped with PIN-757 integrating sphere using BaSO 4 as a reference. Gas-adsorption measurements of prepared titania samples were performed on a Yuasa Ionics Autosorb, 6AG (Yuasa Ionics, Osaka, Japan) surface area and pore size analyzer. Specific surface area (SSA) was calculated from nitrogen adsorption at 77 K using the Brunauer-Emmett-Teller equation. X-ray diffraction patterns (XRD) were collected using an X-ray diffractometer (Rigaku intelligent XRD SmartLab with a Cu target, Rigaku, Tokyo, Japan). X-ray photoelectron spectra (XPS) were recorded using a JEOL JPC-9010MC (JEOL, Tokyo, Japan) spectrometer with a MgKa X-ray source. Samples were also characterized by scanning transmission electron microscopy (STEM, HITACHI HD-2000, HITACHI, Tokyo, Japan).
Photocatalytic Reaction
The photocatalyst (50 mg) was suspended in an aqueous solution of 2-propanol (5 vol %, 5 mL) and photoirradiated (120 W-xenon lamp) with a Y48 cut-off filter mounted in the irradiation window, therefore the light of wavelengths >450 nm reached the suspension, which was under continuous magnetic stirring (1000 rpm) in a thermostated bath. Generated acetone was detected using GC-FID (Shimadzu GC-14B (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector). Before the injection of the liquid sample to GC, the photocatalyst was separated using a filter (Whatman Mini-UniPrep, PVDF, Whatman, Maidstone, UK).
Conclusions
The results presented in this study clearly revealed that the application of both low cost-modifiers for titania: urea (first step of preparation) and Cu 2 O (second step), significantly enhanced the visible light photocatalytic properties of TiO 2 in comparison to the single materials of urea-modified TiO 2 and Cu 2 O-modified titania. Therefore, it is possible to describe this phenomenon as a synergistic effect of urea (more detailed: the presence of polytriazine layer on titania originated from the thermal treatment of urea) and Cu 2 O. The type II heterojunction or Z-scheme systems formed by two semiconductors, p-type Cu 2 O and n-type PTr-TiO 2 , can be responsible for the improvement of photocatalytic activity through the intensification of visible light-induced charge separation and subsequent reduction of the electron-hole recombination effect. A preparation of composite photocatalysts based on titania and low-cost materials as modifiers, such as a precursor of the organic sensitizer of titania and metal oxide, to prepare the efficient and stable photocatalytic system operating in the visible light within heterojunction principles is a very promising direction for a wider practical application of photocatalysis given the preference for concomitantly cheap and efficient solutions.
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